to a "tousled" appearance of various tissues [23] . Two human homologs (Tlk1 and Tlk2) were subsequently found to be cell-cycle-regulated kinases that display maximum expression and activity during S phase [24] . Human and Drosophila Tousled kinases can phosphorylate the Asf1 chromatin assembly factor in vitro, and Drosophila Tlk interacts genetically with Asf1 in vivo [25, 26] . Although the molecular consequence of Asf1 phosphorylation by Tlk is unknown, it was recently shown that Tlk activity is inhibited in response to S phase DNA damage via the ATM and Chk1 kinase pathways [27, 28] . Altogether, these results suggest that Tousled kinases may play a critical role in chromatin assembly or remodeling during DNA replication and repair. RNAi resulted in embryonic lethality characterized by a broad reduction in embryonic transcription [29] . Although a previous report suggested that human Tlk1 sion proteins from E. coli to determine whether the directly phosphorylates histone H3 at serine 10 [30], we TLK-1 and AIR-2 kinases phosphorylate one another. found no evidence that C. elegans TLK-1 directly afKinase-dead versions of each kinase were used as subfects histone H3 phosphorylation in vitro or in vivo [29] .
strates to eliminate autophosphorylation. TLK-1 could Instead, we report here that C. elegans TLK-1 is a subundergo autophosphorylation and phosphorylate MYBP strate activator of the C. elegans Aurora B kinase (see Figure S1 , lane 1, in the Supplemental Data avail-AIR-2, a bona fide histone H3 kinase [31] . Furthermore, able with this article online), but it did not phosphorywe present evidence that TLK-1 and AIR-2 functionally late AIR-2KD (Figure S1 
AIR-2 Physically Interacts with the TLK-1 Kinase
In addition, a marked increase in AIR-2 autophosphoryWe previously reported that the C. elegans Tousled kilation and ICP-1 phosphorylation was seen in kinase nase TLK-1 is required for embryonic viability and tranreactions with all three fusion proteins (AIR-2, ICP-1, scription [29] . We initially identified TLK-1 in a yeast and TLK-1KD) (Figures 2A [lane 4]-2C ). This increase in two-hybrid screen of a C. elegans cDNA library with the AIR-2 activity will be further addressed below. Aurora B kinase AIR-2 as the bait. An AIR-2 antibody Various fragments of TLK-1 were expressed and puri- [32] was used to immunoprecipitate AIR-2 from total fied as recombinant fusion proteins from E. coli and C. elegans protein extracts to further examine the posubjected to phosphorylation by AIR-2/ICP-1 to detertential physical interaction between TLK-1 and AIR-2. mine the TLK-1 site that is phosphorylated by AIR-2 TLK-1 coimmunoprecipitated with AIR-2 from wild-type in vitro. In TLK-1 fragments that contained the kinase (Figure 1, lane 3) but not tlk-1(RNAi) (Figure 1, lane 5) domain, the kinase-dead mutation (D802A) was incorprotein extracts. Although air-2(RNAi) (administered by porated to eliminate autophosphorylation. TLK-1 fragfeeding) did not result in complete loss of AIR-2 protein ments corresponding to amino acids 1-650, 1-800, and expression, TLK-1 was not detectable in air-2(RNAi) im-401-961 were phosphorylated by AIR-2/ICP-1, whereas munoprecipitates ( Figure 1, lane 4) . Reciprocal experi-TLK-1 (651-961) was not ( Figure 2D ). These data placed ments with the TLK-1 antibody [29] did not result in the AIR-2 phosphorylation site(s) between amino acids immunoprecipitation of TLK-1 and were not pursued 401-650. TLK-1 fusion proteins corresponding to over-(data not shown). Nevertheless, our coimmunoprecipilapping fragments of the N-terminal 650 amino acids tation results confirm an in vivo interaction between of TLK-1 were expressed and purified from E. coli and TLK-1 and AIR-2, as predicted from the yeast twoincubated under kinase assay conditions with AIR-2/ hybrid assay.
ICP-1 to further map the AIR-2 phosphorylation site. Fragments corresponding to amino acids 1-167, 147-TLK-1 Is Phosphorylated by AIR-2 320, and 305-470 were not phosphorylated, whereas In Vitro and In Vivo fragment 454-650 was readily phosphorylated in this TLK-1, AIR-2, and kinase-dead versions of both kinases were expressed and purified as recombinant fuassay ( Figures 2D and 2E) . Examination of this se- These results suggest that S634 is phosphorylated by greatly enhanced by the presence of ICP-1. Importantly, TLK-1 expression is not dependent on the pres-AIR-2, but at least one additional phosphorylation site is present in another portion of the TLK-1 protein.
ence of ICP-1 or the AIR-2 kinase ( Figure S2 ). In wild-type embryos, strong mitotic centrosome To determine whether TLK-1 S634 is phosphorylated in vivo, we raised a phospho-specific, polyclonal rabbit staining was seen in addition to nuclear staining ( Figure  3A ). This staining is likely to recognize an antigen other antibody against a TLK-1 peptide phosphorylated at S634. The antiserum was affinity purified against the than TLK-1 because centrosome staining is not found with the non-phospho-TLK-1 antibody [29] and was not TLK-1 phosphopeptide, and ELISA assays confirmed that the purified antibody specifically recognized the eliminated in tlk-1(RNAi), air-2(RNAi), or icp-1(RNAi) embryos ( Figure 3B ). However, we cannot eliminate the phosphopeptide and not the nonphosphorylated peptide (data not shown). Immunostaining of wild-type possibility that a small fraction of phospho-TLK-1 does localize to centrosomes. Interestingly, the centrosome C. elegans embryos with the purified antibody revealed nuclear staining from early prophase through metastaining was absent in air-1(RNAi) embryos, raising the intriguing possibility that this centrosome antigen is a phase ( Figure 3A ). This staining was dependent on TLK-1 and AIR-2 expression because it was strongly direct substrate of the AIR-1 kinase or is dependent on AIR-1 for localization to the centrosome. reduced in tlk-1(RNAi) and air-2(RNAi) embryos ( Figure  3B ). Phospho-TLK-1 staining was also very much re-TLK-1-, AIR-2-, and ICP-1-dependent nuclear immunostaining was strongest at prometaphase and persisted duced in icp-1(RNAi) embryos ( Figure 3B ), supporting the conclusion that TLK-1 phosphorylation by AIR-2 is as a nuclear "halo" around the metaphase plate despite H3 (H3) as a substrate. As a control, the TLK-1 The experiments described above revealed that TLK-1 is a bona fide in vivo AIR-2 substrate that acts indepenproteins were incubated with H3 in kinase assay buffer dently of its own kinase activity to augment the kinase tor of AIR-2, we hypothesized that loss of TLK-1 expression would enhance the mitotic defects seen when activity of the AIR-2/ICP-1 complex. These results suggest that the TLK-1 kinase is likely to play an important AIR-2 function is reduced. tlk-1(RNAi) was performed with wild-type and air-2(or207ts) animals reared at perrole during mitosis. Indeed, in addition to transcription defects [29] , tlk-1(RNAi) embryos displayed metaphase missive (15°C), semipermissive (20°C), and restrictive (25°C) temperatures to test this hypothesis. The or207ts chromosome-congression abnormalities, anaphase bridges, and polyploidy (Figure 6 ). However, these demutation is due to a missense mutation at a residue in subdomain XI of the predicted AIR-2 kinase domain fects were only apparent in later-stage embryos (>30-40 cells) and were not found in young embryos, nor are (P265L) [37] . In vitro, this mutation completely eliminates AIR-2 kinase activity [17]. In vivo, air-2(or207ts) they characteristic of other mutants that affect embryonic transcription [35, 36] . embryos display <15% lethality at 15°C, 60%-95% lethality at 20°C, and 100% lethality at 25°C (T. Furuta Given that the TLK-1 kinase appears to be an activa- Table 1 ). However, the majority of air-2(or207ts);tlk-1(RNAi) embryos displayed gross 1(RNAi), air-2(or207ts), and air-2(o207ts);tlk-1(RNAi) animals reared at 15°C, 20°C, and 25°C were fixed and chromosome segregation and cytokinesis defects (Figure 7 ; Table 1 ). pH3 staining was also greatly reduced. stained with DAPI and antibodies specific for phosphohistone H3 (pH3) and α-tubulin. At 15°C, all tlk-1(RNAi) At 20°C and 25°C, the majority of air-2(or207ts) embryos displayed abnormalities in chromosome segregaand the majority of air-2(or207ts) embryos examined (71%) had no discernible mitotic or cellular defects, tion and cytokinesis, and the air-2(or207ts);tlk-1(RNAi) embryos had similar defects (data not shown). Altoand both types of embryos stained strongly with the Embryos from the wild-type and tlk-1(RNAi), air-2(or207ts), and air-2(or207ts);tlk-1(RNAi) embryos reared at 15°C were fixed and stained with DAPI and pH3 and α-tubulin antibodies. 1-4 cell embryos with satisfactory tubulin staining were assayed for 
Discussion
Here, we report that the C. elegans Tousled-like kinase gether, these results indicate that loss of TLK-1 expression enhances the phenotype of the air-2(or207ts) mu-TLK-1 is phosphorylated by the Aurora B kinase AIR-2 at a specific residue in vitro and in vivo. This phosphortation when AIR-2 activity is partially compromised (15°C). However, at higher temperatures, AIR-2 activity ylation increases the kinase activity of TLK-1 and also initiates a feedback loop that enhances AIR-2 kinase is reduced to such a significant extent that loss of TLK-1 has no discernible effect. These results fully supactivity. The ability of TLK-1 to augment AIR-2 activity by the S phase checkpoint in a rad53/Chk2-dependent TLK-1 is clearly not a chromosomal-passenger promanner [44, 45]. Thus, the inhibition of Tlk activity may tein because it is most highly expressed during S phase halt ongoing DNA replication, allowing Asf1 to particiand does not display a chromosomal passenger localpate in DNA repair pathways. ization during mitosis [29] . The pattern of phosphoryPreviously, we showed that C.elegans embryos delated TLK-1 is also distinct from that of the chromopleted of TLK-1 are broadly defective in transcription, somal passengers. Phospho-TLK-1 is first detectable likely at the level of transcription elongation [29] . We in prophase nuclei and persists as a halo around the hypothesized that these defects could arise from chrochromosomes after nuclear-envelope breakdown. We matin-assembly abnormalities that result in a chromatin cannot distinguish whether TLK-1 is phosphorylated template that is not amenable to disassembly during early in mitosis and the phosphorylated protein persists transcription elongation. A role for yeast asf1 in chrountil anaphase, or whether TLK-1 is continually phosmatin disassembly and transcription has recently been phorylated from prophase to the metaphase/anaphase described [47, 48], further supporting a functional relatransition. Nevertheless, our results suggest that a portionship between Tlks and Asf1 in chromatin-based astion of AIR-2/ICP-1 catalytic activity is distinct from that pects of gene expression. of the chromosomal passengers or that TLK-1 tranTlks were previously thought to be S-phase-specific siently associates with the chromosomal passenger kinases [24] . Our data suggest that Tlks may also have complex and then disperses from the chromosomes to an important role in mitosis. Although early tlk-1(RNAi) form a distinctive halo. We are currently testing the hyembryos did not display chromatin-segregation or pothesis that AIR-2, ICP-1, and TLK-1 form a complex chromosome-morphology abnormalities, loss of TLK-1 that has specific substrates and functions that are disactivity in older embryos (around the 30-40 cell stage) resulted in altered nuclear morphology and anaphase tinct from those of the chromosomal passenger complex. 
